Cocaine-induced alterations in synaptic glutamate function in nucleus accumbens are thought to mediate drug-related behaviors such as psychomotor sensitization. However, previous studies have examined global alterations in randomly selected accumbens neurons regardless of their activation state during cocaine-induced behavior. We recently found that a minority of strongly activated Fos-expressing accumbens neurons are necessary for cocaine-induced psychomotor sensitization, whereas the majority of accumbens neurons are less directly involved. We assessed synaptic alterations in these strongly activated accumbens neurons in Fos-GFP mice, which express a fusion protein of Fos and GFP in strongly activated neurons, and compared these alterations with those in surrounding non-activated neurons. Cocaine sensitization produced higher levels of 'silent synapses', which contained functional NMDA receptors and nonfunctional AMPA receptors only in GFP-positive neurons, 6-11 d after sensitization. Thus, distinct synaptic alterations are induced in the most strongly activated accumbens neurons that mediate psychomotor sensitization. npg
a r t I C l e S Cocaine produces short-and long-lasting neuroadaptations at excitatory glutamatergic synapses in the ventral tegmental area and nucleus accumbens [1] [2] [3] [4] , two brain areas that mediate drug reward 5, 6 . These neuroadaptations include alterations of synaptic strength, as assessed by AMPA receptor (AMPAR)/NMDA receptor (NMDAR) ratios [7] [8] [9] [10] [11] [12] , AMPAR subunit composition 7, [12] [13] [14] , and changes in the expression of synaptic plasticity 7, [10] [11] [12] [13] [14] [15] [16] [17] , which are hypothesized to underlie longlasting alterations in drug-associated behaviors [1] [2] [3] [4] .
It is important to note that all of these alterations were assessed in randomly selected neurons in ex vivo brain slices regardless of their previous activation state during behavior, with the implicit assumption that most or all of these neurons undergo similar alterations and have similar roles in cocaine-induced behaviors. However, we recently found that cocaine-induced locomotor sensitization in a novel environment is mediated primarily by a distinct minority of sparsely distributed accumbens neurons that are more strongly activated than the surrounding majority of neurons, as indicated by Fos expression 18 . Cocaine sensitization in a novel environment is context specific, with cocaine inducing sensitized locomotion only in the environment paired with repeated cocaine injections during sensitization, and not in a non-drug-paired environment 18 . Cocaine administration to these sensitized rats correspondingly induces the activation marker Fos in only 2-3% of accumbens neurons that were selected by stimuli in the drug-paired environment 18 . Selective inhibition of these neurons activated in the drug-paired environment disrupted sensitized cocaine-induced locomotion, whereas inhibition of other neurons activated in a non-drug-paired environment had no effect 18 .
Thus, these selectively activated neurons undergo different alterations and have different roles in behavior than the majority of less-activated neurons following cocaine sensitization in a novel environment.
We hypothesize that repeated strong activation of these selectively activated neurons during sensitization induces unique synaptic alterations relative to the surrounding majority of neurons that are not as strongly activated. We used Fos-GFP transgenic mice, which have a transgene containing a Fos promoter that drives expression of a Fos-GFP fusion protein in strongly activated neurons 19, 20 . We compared glutamatergic synaptic properties of the strongly activated neurons that expressed GFP with those of the surrounding majority of lessactivated accumbens neurons that did not express GFP following cocaine-induced locomotion in previously cocaine-sensitized and naive mice.
RESULTS

Cocaine-induced locomotor activity and GFP expression
Previously, we found that cocaine sensitization in a novel environment produces enhanced or sensitized cocaine-induced activation of nucleus accumbens neurons as measured by Fos immunohistochemistry, which corresponds with sensitized cocaine-induced locomotion 18, 21, 22 . Here, cocaine-induced locomotion and neuronal activation in accumbens could also be sensitized in Fos-GFP mice. Mice in the repeated cocaine group received five injections, once per day, of 15 mg per kg of body weight of cocaine, whereas the acute cocaine group received 5 injections, once per day, of saline. The mice in both groups were given test injections of 20 mg per kg a r t I C l e S cocaine 6-11 d after the repeated injections. Prior repeated cocaine injections enhanced cocaine-induced locomotion on test day relative to cocaine-induced locomotion for the acute cocaine group (repeated, 449 ± 38 m, n = 7 mice; acute, 254 ± 36 m, n = 7 mice; t 12 = 3.71, P < 0.01).
Neuronal activation was assessed in the same mice by counting GFP-expressing (GFP + ) neurons in the nucleus accumbens shell ( Fig. 1) . Cocaine test injections induced significantly higher levels of GFP expression in the repeated cocaine group than in the acute cocaine group (repeated, 136 ± 10 cells per mm 2 , n = 7 mice; acute, 97 ± 14 cells per mm 2 , n = 7 mice; t 12 = 2.29, P < 0.05). In the accumbens shell region, 136 of 167 GFP + neurons (81.4%, n = 3 mice) also expressed Fos ( Fig. 1) . Lack of coexpression of Fos in a minority of GFP + neurons could be a result of different time courses for induction and degradation of the two proteins after neuronal activation, or different antibody sensitivities and thresholds chosen for each protein when determining whether a nucleus was immunoreactive or not.
We assessed the phenotype of GFP + neurons using DARPP-32 as a marker of GABAergic medium spiny projection neurons 23 (Fig. 1) . In the repeated cocaine group (n = 6 mice), 92 of 95 GFP + neurons (96.8%) were DARPP-32 + , whereas only three GFP + neurons were DARPP-32 -. In the acute cocaine group (n = 5 mice), 53 of 55 GFP + neurons (96.4%) were DARPP-32 + , whereas only two GFP + neurons were DARPP-32 -. Thus, the vast majority of cocaine-activated GFP + neurons in both groups were medium spiny neurons. The high degree of co-labeling in GFP + neurons for both DARPP-32 and Fos ensured that whole-cell recordings from the majority of GFP + neurons that we used were from strongly activated medium spiny neurons.
Synaptic strength and spontaneous EPSC properties
Glutamatergic synaptic transmission was assessed in accumbens shell neurons ( Fig. 2a ) using the ratio of peak AMPAR-mediated to peak NMDAR-mediated evoked synaptic currents 8, 10 . We observed a significant interaction of GFP and repeated cocaine exposure (F 1,49 = 5.08, P < 0.05). Post hoc tests revealed significantly lower AMPAR/NMDAR ratios in GFP + neurons compared with GFPneurons following cocaine test injections in the repeated cocaine group (P < 0.01), but not in the acute cocaine group (P > 0.05) ( Fig. 2b) . Thus, glutamatergic synaptic strength was lower in cocaine-activated GFP + neurons than in GFPneurons only after repeated cocaine injections. For non-activated (GFP -) neurons, post hoc tests revealed significantly increased AMPAR/NMDAR ratios in the repeated cocaine group than in GFPneurons in the acute cocaine group (P < 0.05; Fig. 2b ), indicating that glutamatergic synaptic strength increased in the general neuronal population. For comparison with previous studies, we measured AMPAR/NMDAR ratios from randomly selected neurons following acute saline challenge in mice withdrawn 6-11 d from either repeated cocaine or repeated saline. We observed significantly higher AMPAR/NMDAR ratios following repeated cocaine injections compared with those following repeated saline injections (F 2,26 = 5.22, P < 0.05; Fig. 2c ), similar to previous results 8 . Overall, activated GFP + neurons in repeated cocaine mice exhibited relatively low synaptic strength at a time when synaptic strength increased globally in the accumbens. GFPneurons, n = 17 cells from 12 mice; **P < 0.01), but not in the acute cocaine group (GFP + neurons, n = 8 cells from 6 mice; GFPneurons, n = 12 cells from 7 mice). AMPAR/NMDAR ratios were significantly higher in GFPneurons in the repeated cocaine group than in GFPneurons in the acute cocaine group ( # P < 0.05). (c) AMPAR/NMDAR ratios obtained from randomly selected accumbens neurons from mice challenged with saline on test day, 6-11 d after repeated cocaine or repeated saline injections. AMPAR/NMDAR ratios were significantly higher in the repeated cocaine group than in the repeated saline group (repeated cocaine, n = 10 cells from 4 mice; repeated saline, n = 12 cells from 4 mice; naive, n = 7 cells from 2 mice; *P < 0.05). Data are expressed as mean ± s.e.m. npg a r t I C l e S Reductions in AMPAR/NMDAR ratios may be a result of higher proportions of GluR2-lacking AMPARs, as the loss of this subunit would increase inward rectification 24 . We measured rectification of glutamatergic excitatory postsynaptic currents (EPSCs) by dividing the EPSC amplitude at -80 mV by the amplitude at + 40 mV (ref. 25) . If more GluR2-lacking AMPARs were expressed following cocaine sensitization, then EPSCs should show greater inward rectification at depolarized membrane potentials. However, we did not observe a significant interaction of GFP and repeated cocaine exposure on AMPAR EPSC rectification (F 1,27 = 0.15, P = 0.70; Fig. 3a) . Also, 1-naphthyl acetyl-spermine (NASPM), a selective blocker of GluR2lacking AMPARs, did not alter the amplitude of evoked EPSCs between GFP + and GFPneurons in both repeated (F 32,416 = 1.26, P = 0.157) and acute cocaine groups (F 32,288 = 0.82, P = 0.752; Fig. 3b ). Thus, reduced AMPAR/NMDAR ratios in GFP + neurons following repeated cocaine were not a result of substantial changes in AMPAR subunit composition and single cocaine injections did not result in incorporation of GluR2-lacking AMPARs in GFP + neurons in acute cocaine mice.
To further assess whether smaller AMPAR/NMDAR ratios resulted from decreased AMPAR function, we determined the effects of bath-applied AMPA. AMPA initiated inward currents in all neurons ( Fig. 4) . However, this current was significantly smaller in GFP + neurons than in GFPneurons in the repeated cocaine group (F 34,816 = 3.37, P < 0.0001). In contrast, no differences of AMPA-mediated inward currents were observed between GFP + and GFPneurons in the acute cocaine group (F 34,442 = 0.47, P = 0.995). Thus, lower AMPAR/NMDAR ratios in GFP + neurons, compared with GFPneurons, in repeated cocaine mice was at least partly a result of decreased AMPAR function.
We recorded spontaneous AMPAR-mediated EPSCs (sEPSCs) in GFP + and GFPneurons ( Fig. 5) . These sEPSCs likely represent action potential-independent quantal release events, as tetrodotoxin did not affect sEPSC frequency or amplitude in GFP + or GFPneurons from repeated cocaine mice (frequency, F 1,22 = 0.05, P = 0.824; amplitude, F 1,22 = 0.04, P = 0.834; GFP + , n = 6 cells, 5 mice; GFP -, n = 7 cells, 3 mice; data not shown). sEPSC amplitudes did not significantly differ between GFP + and GFPneurons in either the repeated or acute cocaine groups (F 1,88 = 0.21, P = 0.645; Fig. 5a ). However, for sEPSC frequency, we observed a significant interaction of GFP and repeated cocaine exposure (F 1,88 = 13.1, P < 0.01). Post hoc tests revealed significantly lower sEPSC frequency in GFP + neurons than in GFPneurons from the repeated cocaine group (P < 0.05). In contrast, sEPSC frequency was significantly greater in GFP + neurons than in GFPneurons from the acute cocaine group (P < 0.05). In addition, post hoc tests revealed significantly higher sEPSC frequency in the GFPneurons of the repeated cocaine group compared with GFPneurons from the acute cocaine group (P < 0.05; Fig. 5b ). Altered sEPSC frequency in the absence of amplitude changes suggest presynaptic alterations in glutamate release. However, measurement of paired-pulse facilitation of evoked EPSCs, which are thought to reveal changes in the probability of neurotransmitter release (p r ), did not differ between GFP + and GFPneurons from repeated and acute cocaine groups (repeated, F 6,90 = 0.16, P = 0.986; GFP + , n = 8 cells from 6 mice; GFP -, n = 9 cells from 7 mice; acute, F 6,78 = 0.67, P = 0.677; GFP + , n = 7 cells from 5 mice; GFP -, n = 8 cells from 4 mice; Supplementary Fig. 1 ). This lack of difference argues against presynaptic changes in p r . Thus, our data indicate a reduction in the number of functional AMPARs in the absence of a change of AMPAR properties in neurons from the repeated cocaine group.
Silent synapses
What might explain the lower AMPAR/NMDAR ratios, lower AMPA-induced inward currents with bath application, lower sEPSC frequency, and lack of changes in mean sEPSC amplitude or pairedpulse facilitation in GFP + neurons from cocaine-sensitized mice? One possibility is that a larger subset of glutamate synapses on GFP + neurons are silent, in that they contain functional NMDARs, but not Figure 4 Effects of bath-applied AMPA on GFP + and GFPaccumbens neurons following cocaine test injections in repeated cocaine and acute cocaine mice. In repeated cocaine mice, bath-applied AMPA generated a smaller inward current in GFP + neurons compared with GFPneurons (GFP + , n = 14 cells from 12 mice; GFP -, n = 12 cells from 9 mice; P < 0.0001). In acute cocaine mice, no differences were observed between GFP + and GFPneurons (GFP + , n = 7 cells from 5 mice; GFP -, n = 8 cells from 4 mice). Data are expressed as mean ± s.e.m. npg a r t I C l e S AMPARs. Silent synapses [26] [27] [28] [29] [30] [31] [32] can be detected by measuring evoked EPSCs at -80 mV, where AMPARs, but not NMDARs, are activated, and at +40 mV, where NMDARs contribute strongly to EPSCs. We set the minimal stimulus intensity to evoke EPSCs by adjusting stimulator output to elicit AMPAR-mediated currents in approximately 30-70% of trials at -80 mV. Once set, stimulus intensity was unchanged during the assessment of synaptic failures at +40 mV. There was a significant interaction of GFP and repeated cocaine exposure for the difference in the failure rates between the -80-and +40-mV holding potentials (F 1,51 = 12.1, P < 0.01). Post hoc tests revealed that this difference was significantly different in GFP + neurons (at -80 mV, 46.9 ± 3.2%; at +40mV, 19.8 ± 4.2%; P < 0.001), but not significantly different in GFPneurons (at -80 mV, 33.6 ± 3.8%; at +40 mV, 28.8 ± 4.4%; P > 0.05) ( Fig. 6a-c) . In contrast, failure rates in neurons from acute cocaine mice did not differ between -80-and +40-mV holding potentials in GFP + neurons (at -80 mV, 51.4 ± 7.5%; at +40 mV, 54.8 ± 7.7%, P > 0.05) or in GFPneurons (at -80 mV, 48.0 ± 7.7%; at +40 mV, 45.1 ± 6.4%; P > 0.05).
These failure rates obtained at -80 mV and +40 mV were used to estimate the proportion of silent synapses using the equation 1 -ln(failure rate at -80 mV)/ln(failure rate at +40 mV) (refs. 27,32) . We observed a significant interaction of GFP and repeated cocaine exposure (F 1,51 = 12.9, P < 0.01). Post hoc tests revealed a significantly greater proportion of silent synapses in GFP + neurons than in GFPneurons (P < 0.001; Fig. 6a-c) , whereas the proportion of silent synapses was not different between GFP + and GFPneurons in the acute group (P > 0.05). GFP -GFP + GFP -GFP + Figure 5 Quantal sEPSC properties in GFP + and GFPaccumbens neurons following cocaine test injections in repeated cocaine (GFP + , n = 21 cells from 15 mice; GFP -, n = 20 cells from 16 mice) and acute cocaine mice (GFP + , n = 24 cells from 15 mice; GFP -, n = 27 cells from 11 mice). (a) sEPSC amplitudes did not differ between GFP + and GFPneurons in repeated cocaine and acute cocaine mice. (b) sEPSC frequencies were significantly lower in GFP + than in GFPneurons in the repeated cocaine group, whereas sEPSC frequencies were significantly higher in GFP + than in GFPneurons in the acute cocaine group (*P < 0.05). In addition, sEPSC frequencies were significantly higher in GFPneurons of repeated cocaine mice than in GFPneurons of acute cocaine mice ( # P < 0.05).
(c) Sample traces of sEPSCs from GFP + and GFPneurons. Data are expressed as mean ± s.e.m. Dual AMPA NMDA npg a r t I C l e S Silent synapses were also assessed using the coefficient of variation (CV) for AMPAR EPSCs at -80 mV and NMDAR EPSCs at +40 mV. When silent synapse levels were increased, the CV of AMPAR EPSCs was higher compared with when silent synapses were absent, resulting in a lower CV-NMDAR/CV-AMPAR ratio. We observed a significant interaction of GFP and repeated cocaine exposure (F 1,24 = 4.79, P < 0.05). Post hoc tests revealed that, in the repeated cocaine group, the CV-NMDAR/CV-AMPAR ratio was significantly lower (P < 0.05) in GFP + neurons (CV-AMPAR = 0.40 ± 0.03, CV-NMDAR = 0.27 ± 0.02, ratio = 0.70 ± 0.05) than in GFPneurons (CV-AMPAR = 0.28 ± 0.03, CV-NMDAR = 0.25 ± 0.02, ratio = 0.91 ± 0.07) ( Fig. 6d-f ). In the acute cocaine group, the CV-NMDAR/CV-AMPAR ratio did not differ (P > 0.05) in GFP + neurons (CV-AMPAR = 0.39 ± 0.03, CV-NMDAR = 0.38 ± 0.02, ratio = 0.97 ± 0.05) compared to GFPneurons (CV-AMPAR = 0.33 ± 0.04, CV-NMDAR = 0.29 ± 0.03, ratio = 0.89 ± 0.07). Taken together, the results of the minimal stimulation and CV analyses indicate that cocaine sensitization was associated with a greater proportion of silent synapses in GFP + neurons than in GFPneurons.
A previous study identified significantly elevated levels of silent synapses in medium spiny neurons 1-2 d, but not 7-14 d, after 3-5 d of repeated cocaine injections in rats 30 . For comparison, we used the minimal stimulation assay to measure silent synapses from randomly selected neurons in our mice 1-2 d and 6-11 d following repeated cocaine or repeated saline injections. Although there was no significant interaction of repeated cocaine and withdrawal duration for the difference in the failure rates between -80-and +40-mV holding potentials (F 1,54 = 2.9, P > 0.05), there was a main effect of repeated cocaine (F 1,54 = 6.8, P < 0.05). Post hoc tests revealed significantly different failure rates for neurons in the 1-2-d withdrawal group for the repeated cocaine group (at -80 mV, 55.8 ± 4.2%; at +40 mV, 39.8 ± 5.6%; P < 0.05), but not for neurons from the repeated saline group (at -80 mV, 48.8 ± 4.9%; at +40 mV, 47.6 ± 5.2%; P > 0.05). In the 6-11-d withdrawal groups, failure rates did not differ between neurons from the repeated cocaine group (at -80 mV, 57.3 ± 4.2%; at +40 mV, 54.1 ± 4.4%; P > 0.05) and neurons from the repeated saline group (at -80 mV, 53.9 ± 7.6%; at +40 mV, 53.8 ± 7.0%; P > 0.05).
When the proportion of silent synapses were calculated for each group, we observed a significant interaction of repeated cocaine exposure and withdrawal duration (F 1,54 = 7.2, P < 0.01). In the 1-2-d withdrawal groups, post hoc tests revealed a significantly higher proportion of silent synapses in neurons from the repeated cocaine group than in the repeated saline group (P < 0.01; Fig. 7) . However, the proportion of silent synapses was not significantly different between repeated cocaine and repeated saline groups following 6-11-d withdrawal (P > 0.05). Thus, in randomly selected (presumably GFP -) neurons, the increase in silent synapses after repeated cocaine was observed only at 1-2 d, and not 6-11 d, after cocaine withdrawal.
A previous study 30 found that silent synapses in the general population of neurons (presumably GFP -) 1-2 d after repeated cocaine had increased levels of NR2B-containing NMDARs. We assessed whether the silent synapses that we observed in GFP + neurons 6-11 d after repeated cocaine (repeated cocaine group) also contained NMDARs with NR2B subunits. Ro-256981, a selective antagonist of NR2B-containing NMDA receptors 33 , did not differentially alter evoked NMDAR EPSC amplitudes in GFP + or GFPneurons (F 53,918 = 0.63, P = 0.98; Fig. 8a) . NR2B-containing NMDARs also exhibit slower decay kinetics than their NR2A-containing counterparts 30, 34 . Thus, we measured the half-decay times of NMDAR EPSCs 35,36 6-11 d after repeated cocaine. NMDAR EPSC half-decay times did not differ between GFP + and GFPneurons (GFP + , 72.3 ± 7.7 ms; GFP -, 68.6 ± 4.3 ms; t 25 = 0.42, P > 0.05; Fig. 8b) . Overall, our data indicate that increased silent synapses in GFP + neurons from cocaine-sensitized mice are not associated with altered NR2B subunit expression and that these silent synapses are different from those found on randomly selected neurons 1-2 d after withdrawal from cocaine.
DISCUSSION
Repeated cocaine administration to rats in a novel environment induces context-specific sensitization of cocaine-induced locomotion, where the sensitized response is expressed only in the drugpaired environment, and not in a non-paired environment 18, 37, 38 . We found that sensitization of mice in a novel environment enhanced cocaine-induced activation of a small number of sparsely distributed accumbens neurons that expressed GFP as an indicator of strong activation. The high degree of DARPP-32 and GFP coexpression (96%) indicates that nearly all of the GFP + neurons that we observed were medium spiny neurons, and previous findings suggest that cocaineinduced Fos expression occurs primarily in neurons expressing dopamine D1 receptors 39 . GFP + neurons had higher levels of silent synapses following cocaine test injections in cocaine-sensitized mice (repeated cocaine group) and exhibited downregulated synaptic AMPAR function compared with the majority of neurons that did not express GFP. These properties did not generalize to GFP + Figure 8 Silent synapses in GFP + neurons from repeated cocaine mice (that is, mice challenged with cocaine following 6-11 d of withdrawal from repeated cocaine) were not associated with alterations in NR2B expression. (a) Ro-256981 application did not produce significantly different reductions in the amplitudes of NMDAR-mediated EPSCs (GFP + , n = 9 cells from 4 mice; GFP -, n = 10 cells from 6 mice; P > 0.05).
(b) The time to half-decay was not significantly different between GFP + and GFP − neurons (GFP + , n = 13 cells from 5 mice; GFP -, n = 14 cells from 7 mice; P > 0.05). Data are expressed as mean ± s.e.m. npg a r t I C l e S neurons activated by cocaine test injections in naive mice (acute cocaine group). We previously found that these strongly activated neurons are selected by stimuli in the drug-paired environment and represent a neuronal ensemble that encodes the learned association between drug and environment that is necessary for context-specific sensitization 18, 38 . From our present results, we hypothesize that the GFP + neurons forming this ensemble undergo unique synaptic alterations that likely have a role in the learned associations underlying context-specific sensitization. The synaptic alterations found in these strongly activated GFP + neurons are distinct from those described in previous studies that examined randomly selected accumbens neurons regardless of their activation state following cocaine exposure 8, 10, 13, 16, 17, 29, 30 . Neurons in these studies likely correspond to the less-activated majority of neurons that did not express GFP in our study, and we confirmed these prior observations by showing that AMPAR/NMDAR ratios and sEPSCs were increased in GFPneurons from cocaine-sensitized mice 8 . Although these global alterations have been hypothesized to have a direct role in sensitization, our previous study revealed that alterations in these nonactivated neurons likely have a lesser role than the selectively activated GFP + neurons in context-specific cocaine sensitization 18 .
Silent synapses contain functional NMDARs, but lack functional AMPARs, resulting in an absence of synaptic transmission near the resting membrane potential where NMDA channels are inactive [26] [27] [28] [29] [30] [31] [32] . Silent synapses are observed at high levels in juvenile animals 40, 41 and are hypothesized to represent sites of future synapse maturation 28 . However, a previous study 30 found that silent synapses can also be induced in adult animals and are likely involved in synaptic remodeling during cocaine exposure. Repeated cocaine injections (3-5 d, once daily) to rats in their home cage transiently induced silent synapses in randomly selected accumbens neurons 1-2 d, but not 7 d, following repeated cocaine 30 . Our results confirm previous findings 30 in that silent synapses were observed in randomly selected neurons 1-2 d, but not 6-11 d, following repeated cocaine. However, as sensitized cocaine-induced locomotion is normally still present 7 d and 6-11 d following repeated cocaine 18, 21, 22 , silent synapses in GFPneurons may have a transient role in sensitization, but are likely not necessary for maintenance of sensitization of cocaine-induced locomotion.
In contrast to these results, we observed silent synapses in strongly activated GFP + neurons up to 11 d following repeated cocaine. Thus, silent synapse expression in the strongly activated GFP + neurons is detected after prolonged withdrawal from repeated cocaine, in contrast with that found in randomly selected GFPneurons. One explanation for silent synapse expression after extended withdrawal is that it occurs following more prolonged or stronger activation of these neurons during each repeated cocaine injection, perhaps as a result of cocaine exposure in a novel environment. In support of this, we and others have shown that Fos is induced more strongly in accumbens when cocaine is given in a novel environment, rather than in the less-arousing home cage 21, 42 . We have also shown that the same set of accumbens neurons is activated by each cocaine injection in a novel environment, which implies repeated activation of the same set of synapses 38 . Thus, stronger activation of GFP + neurons with each repeated cocaine injection in a novel environment may induce a more persistent increase of the same silent synapses relative to that in the surrounding population of non-activated neurons.
The silent synapses that we observed in GFP + neurons differed from those seen previously 30 in that NMDARs in silent synapses from randomly selected accumbens neurons contained increased levels of NR2B subunits, whereas those that we observed in GFP + neurons did not contain increased levels of NR2B. These data suggest that silent synapses on GFP + neurons, which have been implicated in long-lasting cocaine sensitization in a novel environment, are distinct from those reported previously.
It is also possible that higher levels of silent synapses in GFP + neurons represent an acute short-lasting alteration resulting from enhanced activation of these neurons following cocaine test injections, and are not a result of a persistent increase following cocaine sensitization. Previously observed cocaine-induced glutamatergic synaptic alterations, including AMPAR surface expression 43, 44 , AMPAR/NMDAR ratios 8, 10 , and silent synapses found in randomly selected accumbens neurons 29, 30 , are thought to represent homeostatic responses to increased excitation during repeated cocaine injections and/or by cocaine test injections 3, 45 . This homeostatic response is also referred to as synaptic scaling, where prolonged increases in synaptic activity result in decreased excitatory synaptic transmission via AMPAR removal and prolonged decreases in synaptic activity result in increased excitatory transmission via AMPAR insertion 46 . In this regard, GFP + neurons in our study may have received higher levels of excitation shortly after the cocaine test injection, which activated the Fos promoter. But continuing high levels of excitation in these neurons, enabled by prior repeated cocaine-induced synaptic alterations, could have produced a greater degree of synaptic scaling than in the surrounding majority of less strongly activated neurons. This scaling could be a result of the removal of AMPARs from existing synapses, leaving only NMDARs at these sites. Alternatively, the silent synapses observed in the GFP + neurons may have been generated via acute activity-dependent synaptogenesis. Thus, silent synapses in GFP + neurons may be a consequence, rather than a cause, of enhanced cocaine-induced activity in these neurons. A determination of the causal role of silent synapses in cocaine sensitization awaits methodology that permits manipulation of glutamate receptor expression specifically in these critical neurons.
As we cannot identify GFP + neurons before cocaine test injections, we cannot distinguish whether higher levels of silent synapses are induced during cocaine sensitization or following the last acute cocaine injection. In addition, we do not know if this putative form of synaptic scaling is short-or long-lasting, as electrophysiological recordings from these neurons are constrained by the transient expression of GFP from approximately 2 h to 6-8 h after cocaine injections. This requirement for GFP expression also precludes examining alterations induced in neurons that are selectively inhibited during cocaine-induced locomotion, but still contribute to behavior.
In summary, we found that repeated cocaine injections in a novel environment increased silent synapses on neurons that have been strongly implicated in mediating learned associations between cocaine and the drug-paired environment in context-specific cocaine sensitization 18 . Silent synapses on strongly activated GFP + neurons appeared to be distinct, as they did not exhibit altered NR2B expression as found in previously described silent synapses in randomly selected accumbens neurons following cocaine sensitization 29, 30 . We hypothesize that GFP + neurons comprise a neuronal ensemble that is recruited during cocaine sensitization in a novel environment and that increased silent synapses on these neurons represents either an acute adaptive response to increased glutamatergic excitation or are more directly involved in the development of sensitization behavior.
Sensitization is a useful model for examining drug and environment interactions, but it does not model many components of addiction. In the future, it will be important to determine whether silent synapses are similarly induced in accumbens neurons that are selectively activated during cue-and context-induced reinstatement, which are common animal models of drug relapse. Although beyond the scope of our study, it is also possible that similar silent synapses may be npg a r t I C l e S found in neuronal ensembles that encode other reward-context associations, such as those between food reward and the feeding context. However, ensembles encoding food reward-context associations are likely to be distinct from those involved in context-specific cocaine sensitization, either intermingling with each other in the same brain region or located in other brain regions. Finally, our results indicate the need to distinguish between synaptic alterations induced specifically in neurons activated during behavior and global synaptic alterations induced in the general neuronal population.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper. currents were acquired using WinEDR (courtesy of J. Dempster, University of Strathclyde) and analyzed using miniAnalysis (Synaptosoft).
AMPAR/NMDAR ratios were measured from the averages of ten EPSCs evoked at +40 mV with and without 50 µM d(-)-2-amino-5-phosphonovaleric acid (d-AP5, Ascent). Average responses recorded during d-AP5 application (AMPAR-only EPSC) were subtracted from responses recorded without d-AP5 (AMPAR + NMDAR) to determine the NMDAR EPSC. The peak AMPAR EPSC was divided by the peak NMDAR EPSC to yield the AMPAR/NMDAR ratio. To determine whether sEPSCs were action potential independent, 1 µM tetrodotoxin (TTX, Sigma) was applied for 10 min and mean sEPSC frequency and amplitude were compared to a pre-TTX control period.
In some experiments, AMPA (1 µM, Tocris Bioscience) was applied for 10 min and holding current (V hold = -70 mV) was measured every 30 s. AMPAR rectification indices were calculated by obtaining the ratio of mean evoked peak AMPAR EPSCs from three responses at -80 mV divided by mean peak AMPAR EPSCs at +40 mV (ref. 25) . To assess GluR2 lacking AMPA receptors, 25 µM NASPM (Sigma) was applied for 15 min while measuring evoked EPSCs at -80 mV before and during NASPM application.
Minimal stimulation assay experiments were performed as previously described 30, 31 from epochs of 30 consecutive trials at -80 mV and +40 mV. The percentage of silent synapses was calculated using the equation 27 The CV analysis was performed as previously described 30, 31, 49 . We calculated the CVs from epochs of 30 consecutive trials at -80 mV for AMPARmediated currents and at +40 mV for NMDAR-mediated currents. The peak responses of NMDAR EPSCs were measured approximately 35 ms after the onset of the AMPAR EPSC at -80 mV. The CV was calculated for AMPAR-and NMDAR-mediated currents using the equation SV(EPSC) SV(noise) mean(EPSC) − , where SV = sample variance. The observer was blind to the cell type (EPSC) when determining successes or failures used to calculate the percentage of silent synapses. To assess NR2B containing NMDA receptors, a selective antagonist 33 (Ro-256981, 1 µM, Sigma) was applied for 20 min and evoked EPSCs obtained at +40 mV before and during application were compared. The time to half-decay for NMDAR-mediated EPSCs was obtained while holding the cell at +40 mV in aCSF containing 100 µM picrotoxin (Sigma) and 20 µM DNQX (Sigma).
Statistics. Group data are presented as mean ± s.e.m. The number of cells and animals used for each experiment are shown in the figure legends, and were established on the basis of the magnitude of the effect and the robustness of the statistical model. Paired Student's t tests were used for cocaine-induced locomotor activity, cocaine-induced GFP expression and time to half-decay measurements. A two-factor ANOVA with GFP expression and repeated or acute cocaine as factors, followed by Bonferroni's post hoc test, was used for sEPSC parameters, AMPAR/NMDAR ratios, AMPAR rectification, difference in failure rates at -80 mV and +40 mV, proportion of silent synapses, and CV-NMDAR/CV-AMPAR experiments. For difference in failure rates between -80 mV and +40 mV, and percentage of silent synapses from neurons in the repeated cocaine and saline groups withdrawn at 1 d and 6-11 d, data were analyzed using a twofactor ANOVA with repeated cocaine and withdrawal duration as factors, followed by Bonferroni's post hoc test. For the TTX experiment, data were analyzed using a two-factorial ANOVA with GFP and TTX as factors. For AMPAR/NMDAR ratios in randomly selected neurons following repeated cocaine and saline injections, data were analyzed using a one-way ANOVA. Two-factor ANOVAs with repeated measures were used for AMPA, NASPM and Ro-256981 bath application and paired-pulse ratio experiments with GFP and time as factors. For AMPAR/NMDAR ratios and sEPSC experiments, cells that exhibited frequencies two s.d. from the mean were excluded from analysis. Only two-tailed P values <5% were considered to be significant for all parametric statistical tests used in these studies.
